The effect of deposition temperature on the structural and optical properties of amorphous hydrogenated silicon (a-Si:H) thin films deposited by plasma-enhanced chemical vapour deposition (PECVD) from silane diluted with hydrogen was under study. The series of thin films deposited at the deposition temperatures of 50 − 200°C were inspected by XRD, Raman spectroscopy and UV Vis spectrophotometry. All samples were found to be amorphous with no presence of the crystalline phase. Ordered silicon hydride regions were proved by XRD. Raman measurement analysis substantiated the results received from XRD showing that with increasing deposition temperature silicon-silicon bond-angle fluctuation decreases. The optical characterization based on transmittance spectra in the visible region presented that the refractive index exhibits upward trend with increasing deposition temperature, which can be caused by the densification of the amorphous network. We found out that the scale factor of the Tauc plot increases with the deposition temperature. This behaviour can be attributed to the increasing ordering of silicon hydride regions. The Tauc band gap energy, the iso-absorption value their difference were not particularly influenced by the deposition temperature. Improvements of the microstructure of the Si amorphous network have been deduced from the analysis.
Introduction
Amorphous hydrogenated silicon (a-Si:H) is known as non-equilibrium material whose properties can be var- * E-mail: mullerova@lm.uniza.sk ied by modifying the preparation process. Great interest in the deposition and characterization methods has been based on the suitability for optoelectronic devices, e.g. displays, thin-film LEDs, imaging devices, photo sensors etc. and especially devices based on the solar energy conversion [1] [2] [3] [4] [5] [6] [7] . During plasma enhanced chemical vapour deposition (PECVD) hydrogen dilution of silane results in an inhomogeneous growth during which the material evolves from amorphous hydrogenated silicon (a-Si:H) to microcrystalline hydrogenated silicon (µc-Si:H). Amorphous silicon under the phase transition to microcrystalline silicon is reported to be more resistant to the light induced degradation [6] and therefore still worth studying. a-Si:H is referred to as suitable material for active layers of solar cells, including the tandem cells, and as one of the most effective materials for the passivation of silicon interfaces. Understanding the deposition influence on structural and optical properties of a-Si:H network may clarify some effects in a-Si:H devices. Fundamental material properties playing role (esp. in light-induced degradation) are order/disorder in the network and hydrogen density and its complex bonding structure. In all a-Si:H devices, it is highly important to keep the physical properties and the structure under control and therefore it is necessary to have reliable diagnostics to study material structure, microstructure, optical properties and their relationships to the deposition conditions. In optical-based applications modelling of spectral response is of vital importance, too. To do so, it is necessary to know optical constants (refractive indices, absorption coefficients, optical band gaps, band tails) and their relations to the structure and microstructure. As the optical properties of a-Si:H are related to changes in the structural and compositional disorder the study of optical properties offers a lot of information on microstructure and optical quality of Si:H thin films. This contribution reports the study of structure, microstructure and optical properties of a-Si:H thin films deposited by PECVD at the same dilution of silane with hydrogen, with varied deposition temperatures.
Experimental
The undoped a-Si:H films were prepared by the 13.5 MHz rf PECVD excited industrial parallel plate deposition system AMOR (the Delft University of Technology, the Netherlands). The depositions were performed at rf power of 8 W, gas pressure 2 mbar and the deposition time 26 min. The hydrogen dilution of silane R defined as the ratio of hydrogen (H 2 ) to silane (SiH 4 ) flow rates The structural properties of the films were studied by X-ray diffraction analysis (XRD) using an automatic Philips X-ray powder diffractometer X'pert Pro equipped with a fast semiconductor detector Pixcel as a point detector. Copper Kα characteristic radiation (λ = 0 154 nm) was used. The XRD patterns were recorded using asymmetric geometry where the incident angle of the X-ray beam of 0.5 degree was kept constant during the measurements and the diffraction angle 2 varied from 15 to 65 degrees. The samples deposited on c-Si substrates were used for this investigation to avoid registering the broad background of the glass substrates dominating the XRD patterns and overlapping the XRD patterns of a-Si:H.
Additional information on structure of a-Si:H films was obtained from Raman scattering. A Jobin Yvon Labram HR Raman spectrometer equipped with a monochromator and a CCD detector was used to record the micro-Raman spectra at room temperature in the back-scattering geometry. The micro-Raman spectra of the samples deposited on c-Si were excited with a laser generating the wavelength of 532 nm. Optical properties of the samples deposited on Corning Eagle 2000 glass in the range of 190 − 1100 nm were analyzed using transmittance spectra performed on the double beam UV/Vis Specord 210 spectrophotometer.
Results and discussion

Structure by XRD measurements
XRD patterns of the a-Si:H film deposited on c-Si show that the films are predominantly amorphous. Fig. 1 illustrates this observation for the sample deposited at the temperature of 125°C. Two broad peaks (black line) are typical for amorphous material demonstrating the interatomic (not inter-planar) spacings in an irradiated amorphous volume depending on the diffraction angle 2 . The decompositions of the XRD patterns show that the broad peaks are composed of several peaks being contributions of ordered silicon hydride (Si 4 H) regions. The standard position of diffraction lines of crystalline Si and ordered domains of Si 4 H of tetragonal lattice structure are included in Fig. 1 for the purpose of comparison [5, 6] .
The only evidence of structure changes is the shift of the broad 2 peaks at ∼ 28 degrees with increasing deposition temperature that can be assigned to the ordered Si 4 H regions similarly as observed in [5] . These structure features can be considered responsible for the sample inhomogeneities. Similarly according to our former knowledge [8] , for the samples PECVD deposited at the substrate temperature of 250°C and the dilutions R = 0; 20, the presence of ordered domains of tetragonal silicon hydride was proved with the domain size of ∼ 10 nm. Correspondingly, no evidences of cubic diamond silicon crystallites were detected.
Amorphous structural order was investigated using the broad peak at the diffraction angle of 2 ∼ 28 degrees (Fig. 2) . The full width at half maximum (FWHM) of this peak is inversely proportional to the correlation length over which atomic density fluctuations contribute to FWHM [5] . According to Fig. 3 , the full widths at half maximum (FWHM) of the peaks decrease with increasing deposition temperatures, that means improving the amorphous order of a-Si:H samples coming from silicon hydride ordering via the growth of the deposition temperature. At the deposition temperatures > 150°C FWHMs remain almost constant and the atomic density fluctuations become suppressed. Additionally, the broad peaks (Fig. 2) are asymmetrically broadened. The decomposition in all samples revealed the dominance of the (001) diffraction line at ∼ 27 6 degrees belonging to the ordered domains of silicon hydride Si 4 H. In Fig. 4 the example of the decomposition for the sample deposited at 50°C can be seen.
Optical properties
The determination of the optical properties was based on the experimental transmittance spectra (Fig. 5) . The transmittance of a thin film with parallel interfaces deposited on a thick substrate is a nonlinear function of the wavelength, the film thickness, refractive indices and extinction coefficients (related to the real and imaginary parts of the dielectric function) of the film and substrate. Photon energy dependent refractive indices and extinction coefficients of the films were extracted from the measured spectra using a Delphi-based program working with an optimization procedure based on the genetic algorithm. The optimization procedure minimized differences between the experimental and theoretical transmittance in the broad spectral region including the region in the vicinity of the absorption edge. The theoretical transmittance was calculated using the theory in [9] and the Tauc-Lorentz dispersion formalism for the dielectric function [10, 11] that is currently employed for the parame-terization of the optical functions of amorphous semiconductors. The results are shown in Fig. 6 for four of the films and are in good agreement with the data reported for the samples of the thickness of ∼ 200 nm deposited by HWCVD on c-Si [12] . Absorptive properties represented by the extinction coefficients begin to differ significantly when photon energies move from the absorption edge. However, for greater deposition temperatures, the extinction coefficients differ slightly which means that the depositions at the temperatures over ∼ 180°C do not influence the absorptive properties of the material. This result is similar to the observation of the almost constant FWHMs of the investigated XRD peaks corresponding to the suppression of the atomic density fluctuations. Extrapolating photon energydependent refractive indices to the non-absorbing region (extinction coefficients → 0) their values ∞ in the long wavelength limit were estimated ( Table 1 ). The refractive index ∞ is an important wavelength-independent optical parameter related to the atomic structure and the mass density. We can see from Table 1 that we have an increase of the refractive index with the increasing deposition temperature that can be attributed to the increase of the film mass density. The absorption coefficient α is related to the extinction coefficient through the relation α = 4π λ , where λ is the wavelength. As the extinction coefficients are known, the absorption coefficients can be calculated. The absorption coefficients versus the photon energy are in Fig. 7 . We notice that the onset of the absorption in the samples is different and therefore the influence of the substrate temperature on the absorption spectra especially below photon energies of 2 eV can be expected. The optical band-gap in amorphous semiconductors is a rather questionable parameter owing to the localized states between valence and conduction bands. The Tauc equation
is widely used to define the band gap in amorphous semiconductors characterizing the transitions between the extended states. Hence the plot of (αE) 1 2 versus the incident photon energy E leads to a straight line whose intersection with the photon energy E-axis gives the Tauc optical band gap energy E (Table 1) . From results in Table 1 , no specific influence of the deposition temperature on the band-gap energies E can be seen. The iso-absorption value E 04 is the photon energy at which the absorption . It is also an often used definition of the optical band gap of amorphous semiconductors, especially in case when the linear part of the (αE) 1 2 plot versus the photon energy E is reduced. The difference (E 04 − E ) can be attributed to the mobility edge width of the conduction band and therefore to the contribution of the gap states to the absorption. In our samples detected as amorphous, the difference (E 04 −E ) is not particularly dependent on the deposition temperature ( Table 1) . As the samples have been proved as amorphous material, we can speculate that (E 04 − E ) is saturated in amorphous regime. Also according to [13] the difference, (E 04 − E ) is approximately constant in amorphous Si:H. The possible explanation for this behaviour is that no significant band edge modification occurs when a-Si:H is deposited under varied deposition temperatures.
The scale factor B of the plot of (αE) 1 2 versus the photon energy E is often attributed to various aspects of silicon network. It is often used to characterize the temperature and compositional disorder in amorphous Si based alloys [14] [15] [16] . The B factor includes information on the disorder-induced correlation of optical transition between the valence and conduction bands [15] . The decreasing B is the indicator of the phase transition from amorphous to the microcrystalline silicon [8] . The scale factor B depends on the product of the oscillator strength of the optical transition, the deformation potential and the mean deviation of the atomic coordinates; particularly the mean bond angle distribution in amorphous semiconductors [16] . Fig. 8 shows the behaviour of the B factor in investigated thin films deposited with increasing deposition temperature. According to these results the B factor compares well with the refractive index in the long wavelength limit, i.e. with the mass density of the material. The B factor in amorphous samples confirms the same band edge character. The increase of B can be attributed to the improvement of short-range ordering effect of the still amorphous network. We conclude that the larger the ordering effect, the steeper the B factor of the Tauc plot slope. 
Structure and microstructure by Raman scattering
A closer look at the film structure and microstructure can be obtained by the analysis of the Raman scattering data in two wavenumber regions, at ∼ 480 cm originating from the vibrations of Si-Si bonds in an amorphous matrix dominate all spectra as can be seen in Fig. 9 . However, no evidence of the peak atν ∼ 520 cm −1 indicating scattering from TO-like phonons in c-Si was registered, hence Raman scattering analysis confirms that the thin films under study are amorphous too. . It is generally agreed that the FWHM of transverse optic (TO)-like modes and its position shift are associated with the short-range order in Si atomic network [17] . The origin of this broadening and position shift is attributed to variations of the density of ordered domains in amorphous material, namely variations in the nearest-neighbours Si-Si bond angle distribution. The FWHM of the TO-like phonon peak of a-Si exhibits a downward trend with the depositions at higher deposition temperatures (Fig. 10) and corresponds to the increase of the short-range order. This result is probably due to the relaxation of amorphous network during which the bond-angle fluctuation decreases [18] . According to [18] a FWHM of ∼ 70 cm −1 corresponds to fully relaxed amorphous silicon with only ∼ 10% distortion of the bond angles. Additionally, we observed the shift of the peak position of the TO-like peak atν ∼ 480 cm −1 to higher wavenumbers with increasing the deposition temperature. This shift is also associated with the decrease in the average bond-length when compared to c-Si and also acts as an evidence of the increase in the short-range order [19] . The decrease of the bond-length is obviously accompanied by the growth of the mass density of the films that was deduced from the results gathered for the refractive indices. Figure 10 . Structure-related parameters versus the deposition temperature. The microstructure factor expressing the ratio of hydrogen bonded in SiH 2 to the total bonded hydrogen. The second dependence is related to the FWHM of the 1 st Raman TO peak at ∼ 480 cm −1 . The deviations of the linear fit observed for the samples deposited at 150°C, 160°C and 170°C are caused by the partial surface corrugation of the samples used for the Raman measurements.
